The nucleotide sequence has been determined for a twelve-gene operon of Escherichia coli designated the hyf operon (hyfASCD€FGH/R-focB). The hyf operon is located a t 5508-56.0 min and encodes a putative nine-subunit hydrogenase complex (hydrogenase four or Hyf), a potential formate-and 6%-dependent transcriptional activator, HyfR (related to FhIA), and a possible formate transporter, FocB (related to FocA). Five of the nine Hyf-complex subunits are related to subunits of both the E. coli hydrogenase-3 complex (Hyc) and the proton-translocating NADH : quinone oxidoreductases (complex I and Nuo), whereas two Hyf subunits are related solely to NADH : quinone oxidoreductase subunits. The Hyf components include a predicted 523 residue [Ni-Fe] hydrogenase (large subunit) with an N-terminus (residues homologous to the 30 kDa or NuoC subunit of complex 1. It is proposed that Hyf, in conjunction with formate dehydrogenase H (Fdh-H), forms a hitherto unrecognized respiration-linked proton-translocating formate hydrogenlyase (FHL-2). It is likely that HyfR acts as a formate-dependent regulator of the hyf operon and that FocB provides the Hyf complex with external formate as substrate.
INTRODUCTION
During fermentative growth, glycolytic pyruvate generated from diverse carbon sources is converted in Escherichia coli to acetyl-CoA and formate by pyruvateformate lyase (Kessler & Knappe, 1996) . The formate may then be either excreted via the formate channel (FocA) or oxidized to CO, with or without coupling to the energy-conserving reduction of electron acceptors ; Bock & Sawers, 1996 ; Gennis & Stewart, 1996) . E. coli contains three formate dehydrogenases conserving reduction of menaquinone. Hydrogenase-2 (Hyb) is expressed when hydrogen is the sole anaerobic respiratory electron donor. In contrast, hydrogenase-1 (Hya) is induced during fermentative growth and its physiological role is uncertain.
The studies described here have revealed that E. coli possesses an operon (hyf; bdrogenase four) that appears to encode a new nine-subunit [Ni-Fe] hydrogenase (Hyf) complex, a formate-sensing transcription regulator (HyfR, homologous to FhlA), and a formate transporter (FocB, homologous to FocA). Five of the nine Hyf-complex subunits are closely related to counterparts in both the Hyc-complex and NADH : quinone oxidoreductases (complex I or Nuo), and two are related solely to components of the NADH : quinone oxidoreductases. It is proposed that Hyf functions, in conjunction with Fdh-F, as an energy-conserving (proton translocating) formate hydrogenlyase (FHL-2).
METHODS
Bacterial strains, phages and plasmids. E. coli strain DHSa (supE44 AlacU169 hsdR17 recA1 endA1 gyrA96 thi-l relA1/@0 lacZAM15) was used as the host for plasmid purification and manipulation. A phage, A425 (1lOH6, Kohara et al., 1987) , from the Kohara mini set was propagated using strain C600 (supE44 hsdR thi-1 thr-1 leuB6 1acYl tonA21), and 1425 DNA was prepared as described by Kaiser et al. (1995) . Bacteriophage M13mp18 (Messing, 1983) was propagated with strain JMlOl (thi supE AproAB-lac/F' traD36 proA'B' lacPZAM1.5). DNA was prepared and manipulated as described by Sambrook et al. (1989) . Plasmid pLC25-14 was from the Clarke-Carbon ColEl-based library of E . coli chromosomal DNA (Clarke & Carbon, 1976; Andrews et al., 1991) . The M13mp18 derivative, GS265, was produced by cloning the 4.3 kb BamHI fragment of pLC25-14 into the corresponding site of M13mp18 (Fig. 1 ). Plasmids pGS842, pGS843 and pGS902 are pSU18 (Bartolomi et al., 1991) derivatives with fragments of pLC25-14 DNA, and plasmid pGS944 is a pSU18 derivative containing a fragment of A425 (see Fig. 1 ). DNA sequencing. Sequencing templates were prepared using a QIAfilter Midi Plasmid kit (Qiagen) or by CsCl densitygradient centrifugation (Sambrook et al., 1989) . Nucleotide sequencing reactions were performed using the Dye Terminator Cycle Sequencing kit with AmpliTaq DNA polymerase (FS) from Perkin Elmer, and data were collected using an ABI 373s sequencer. The sequencing strategy involved extending the existing 01 77-hyfAB' sequence by analysing successive DNA fragments subcloned in plasmid or M13mp18 vectors (Fig. 1) . Specific primers were used with pGS902 and pGS944 and the Universal -21 M13 primer was used with M13mp18 shotgun clones generated after sonication of circularized inserts of GS265 (replicative form), pGS842 and pGS843 (Fig. 1) . The sequence was obtained for both strands and was fully overlapped. The contiguity of the cloned fragments was established by reference to data from the E. coli Genome Project which were kindly provided prior to publication by Guy Plunkett, 111 (Laboratory of Genetics, University of Wisconsin). Computer analysis. Nucleotide sequences obtained from individual gel readings were compiled and nucleotide sequence data were analysed using the programs XDAP (Dear & Staden, 1991) , XNIP (Staden, 1990) , GCG version 6.0 (J. Devereux, Genetics Computer Group, University Research Park, 575 Science Drive, Suite B, Madison, WI 53711, USA) and EGCG (Peter Rice, Sanger Centre, Hinxton Hall, Cambridge, UK) at the Seqnet Computing Facility (Daresbury, Warrington, UK). Nucleotide and amino acid sequence similarity searches were performed using the BLAST programs with the non-redundant protein or nucleic acid sequence databases at the Swiss-BLAsT interface of the National Center for Biotechnology Information (Bethesda, MD, USA).
RESULTS
A previous sequence analysis of the 55.8 min region (formerly 53-3 min) of the E. coli genome revealed two ORFs (designated orf3 and orf4) that appeared to be the proximal cistrons of an unidentified operon (Andrews et al., 1991) . The predicted orf3 product (ORF3) resembled the 16Fe ferredoxin subunit (DmsB) of the anaerobic dimethylsulphoxide reductase of E. coli, whereas the 34 codon partial sequence of orf4 indicated that it encodes a hydrophobic polypeptide. These observations suggested that the operon specifies a multicomponent membrane-located oxidoreductase (Andrews et al., 1991) . Several other ORF3 homologues were later discovered in bacteria (Berks et al., 1995b) and of these, ORF3 most closely resembles (5O0/0 identity) the 16Fe ferredoxin (HycB) of the hydrogenase-3 complex (Hyc) of E. coli, which indicated that the identified operon might encode components of a Hyc-like complex. A potential role in formate metabolism was also suggested by the presence, in the 56 min region, of a locus (nirF) having a role in respiratory formate-nitrite oxidoreductase activity (MacDonald et al., 1985) .
To characterize the putative operon more fully and to investigate the possibility that its products have a role in formate and/or hydrogen metabolism, the complete sequence of the operon was determined. The sequence has revealed a putative hyfABCDEFGHZJR-focB operon in which orf3 and orf4 correspond to the hyfA and hyfB genes with products designated HyfA (ORF3) and HyfB. The sequence similarities strongly suggest that the hyfG and hyfr genes encode the large and small subunits of a [Ni-Fe] t IEP, isoelectric point predicted using the GCG Isoelectric program (J. Devereux).
+From Table 3. analysis and ORF searches, a total of 12 contiguous
The hyfA-J, hyfR and focB genes possess codon usages genes were detected, including hyfA, the remainder of similar to those of other E. coli structural genes hyfB and ten new genes designated hyfC-J, hyfR and (Anderson & Kurland, 1990) , each gene being preceded focB ( Fig. 1 
-. . expressed E. coli genes, respectively (data derived from Grosjean & Fiers, 1982) . This suggests that the products of the hyfoperon are likely to be of very low abundance.
Preliminary experiments have shown that a hyfA-lac2
translational fusion is expressed during anaerobic growth on fermentable carbon sources (M. C. Berry, S. C. Andrews & B. C. Berks, unpublished observations) indicating that the hyfpromoter is active and that hyfis likely to be a functional operon.
Features of the translation products
The main features of the hyf-encoded polypeptides are shown in Tables 1 , 2 HyfB, HyfD and HyfF. HyfB, HyfD and HyfF are members of a family of proteins that includes the ND2, ND4 and ND5 subunits of the proton-translocating NADHubiquinone oxidoreductases (complex I in mitochondria, and Nuo in E. coli). Like other members of this family, they are predicted to be polytopic membrane proteins (Table 3 ). The HyfD and HyfF proteins are of similar size to the ND2 and ND4 proteins, whereas HyfB resembles ND5 in containing an additional Cterminus segment that is predicted to include two extra transmembrane helices (in HyfB (Happe et al., 1997; Volbeda et al., 1996) . The five residues forming predicted proton pathways to the active site of the D. gigas enzyme are also conserved or conservatively substituted in HyfG (Fig. 2) . Maturation of the [Ni-Fe] hydrogenase large subunit involves the removal of a C-terminal peptide (Gollin et al., 1992; Rossmann et al., 1994; Binder et al., 1996) . Twelve residues flanking the C-terminal cleavage site of HycE are identical in HyfG, apart from two conservative substitutions, indicating that HyfG is also C-terminally processed (Rossmann et al., 1994) . The large subunit of D. gigas hydrogenase is more similar to HyfG in its N-and C-terminal regions @-strand A to ahelix 4, 26 O/O identity; p-strand H to helix 17, 28 Yo identity) than in its central region (18 % identity) (Fig.  2) . The well-conserved N-and C-terminal regions mainly correspond to the two a l p domains that provide a binding site for the [Ni-Fe(CO)(CN),] cluster and a putative proton channel leading to the active site. These domains also contact the small subunit in the region of [4Fe4Spr0,]. Thus the hydrogenase catalytic core would appear to be structurally conserved in HyfG.
HyfG, HycE and the Orf5 protein (encoded by the M.
tuberculosis hyf-like operon) possess N-terminal sequences of approximately 170 residues that have no counterparts in other members of the 49 kDa subunit family but they do resemble the sequences of members of the complex I30 kDa subunit family (Fig. 2 , Table 2 ). Such a combination of 30 and 49 kDa-like subunit domains within single polypeptides has been reported previously (Videira & Azevedo, 1994) . The 30 kDa and 49 kDa subunits are components of the 'iron protein' subcomplex of complex I and their direct interaction is supported by several biochemical studies (Ragan et al., (672) HyfC (315) HyfD (479) HyfE (216) HyfF (526) HyfG (555) 180-555 :
HyfH (181) HyfI (252) 1-165:
HyfJ (137) HyfR (620) FocB (282 1982; Cleeter et al., 1985; Yamaguchi & Hatefi, 1993) . Interestingly, a multiple sequence alignment (not shown) for members of the 30 kDa subunit family reveals the presence of an absolutely conserved ERE motif, which is also present in the HyfG, HycF and Orf5 sequences (Fig.  2) . It is significant to note that the three genes (nuoB, nuoC and nuoD) encoding homologues of the [Ni-Fe] Hyc/Hyf hydrogenases that could assemble into a functional subcomplex, are clustered in the bacterial nuo operon. This observation would support proposals that complex 1 has a modular structure and evolution (Weiss et al., 1991; Walker, 1992) .
HyfI and the small subunit of D. gigas hydrogenase are 23% identical in the region corresponding to the [4Fe-4S,,,,]-containing N-terminal domain of the D. gigas protein (i.e. from the N-terminus of the mature protein to just beyond helix 6 ; Fig. 3 ) , but the similarity is poor in the C-terminal region (9 % identity). The four cysteine ligands of [4Fe-4SP,,,] are conserved in HyfI (Cys41, 44, 107 and 141 ; Fig. 3 ), HycG and the small subunits of other [Ni-Fe] hydrogenases. Only the latter two cysteine residues are conserved in the 20 kDa subunits although there are two cysteine residues, Cys63 and 64 in NuoB (Fig. 3 ) (Fig. 3) HyfH is a member of the TYKY/23 kDa-subunit family of complex I components which resemble the bacterial 8Fe ferredoxins. The eight cysteine residues thought to serve as ligands to the two [4Fe4S] centres are conserved in two groups of four having the following organization -C-X,-C-X,-C-X,-C-P-: group I, Cys39, 42, 45, 49; group 11, Cys74, 77, 80, 84 . HyfH and HycF of the hydrogenase-3 complex are particularly closely related (44% identity), which together with CooX (of the CO dehydrogenase complex) contain four conserved cysteine residues (group 111) in addition to those in the group I and I1 clusters. The group 111 residues are organized as follows : -C-X,-C-X,,-,,-C-P-X-C-(117-160 in H y f H and 117-158 in HycF), and could therefore serve as ligands for a third iron site. A similar motif is found in rubredoxins and rubrerythrins where the cysteine residues ligate a mononuclear iron atom (-C-X,-C-XI,-,,-C-P-X-C-; Prickril et al., 1991 members of the complex I 2 3 kDa-subunit family and a mononuclear site (or iron-sulphur cluster) not present in other family members. However, subsequent studies revealed that the phenotype ascribed to the hycH mutant was due to a polar effect on the downstream gene encoding HycI, which is now known to be involved in hydrogenase maturation (Rossmann et al., 1995) . The function of HycH is therefore unknown, although it is likely that HyfJ and HycH have similar physiological roles and properties.
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HyfR. The HyfR protein is closely related (46 YO identity)
to the homotetrameric FhlA protein of E. coli. FhlA is a member of a group of dependent transcriptional regulators that are activated when an effector molecule binds to the N-terminal domain (Shingler, 1996) . FhlA induces expression of the hyc, fdhF, hydN-hypF and hyp genes (the 'formate regulon') in response to elevated intracellular formate levels (Schlensog & Bock, 1990 ; Rossmann et al., 1991; Maier et al., 1996) . FhlA activation requires formate and appropriate concentrations of its cognate upstream activator sequence (UAS) (Hopper et al., 1994; Hopper & Bock, 1995) HyfR and FhlA possess good similarity in their central (69 70 identity) and C-terminal (69 % identity) regions, but are less similar in their N-terminal regions (Fig. 4) . The central and C-terminal domains correspond to the highly conserved C and D domains of the 05'-dependent regulator family (Shingler, 1996) . The C domain is responsible for a54 interaction, open-complex formation and ATP hydrolysis. The D domain provides DNAbinding specificity to the UAS elements that are located some 100-200 bp upstream of the cognate promoters.
The putative helix-turn-helix motif in the D domain is conserved in HyfR and FhlA, as are the two ATPbinding motifs in the C domain (Fig. 4) . There is only one substitution in the predicted ' reading ' helix of HyfR relative to that of FhlA, suggesting that they recognize similar DNA-binding sites. The N-terminal domain of FhlA (A domain, residues 1-357) is thought to be involved in formate-sensing. It is not related to any protein in the database except the equivalent region of HyfR (residues 1-317). Furthermore, this similarity is restricted to two subdomains : residues 173-234/ 139-202 of FhlA/HyfR (A2 subdomain, 52 % identity), and residues 277-350/242-3 17 of FhlA/HyfR (A4 subdomain, 38 YO identity). In contrast, the remaining regions of the A domain (A1 and A3) are only 13-14% identical. The presence of the highly conserved regions in the A domains would be consistent with HyfR interacting with formate or a similar metabolite. Interestingly, the A3 subdomain of HyfR contains a cysteinerich segment (-C-X,-H-C-X-C-X-P-X-C-X-P-; Fig. 4 ) which could serve as a binding site for a metal cofactor or iron-sulphur cluster, endowing the HyfR protein with the ability to respond to changes in redox and/or oxygen status as for the FNR, IRP and SoxR transcriptional regulator proteins (Hidalgo et al., 1995 ; Rouault & Klausner, 1996) . It may be significant that some of the NifA proteins (also members of the a54- 
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Tabre 3 . Predicted membrane-spanning a-helices
Membrane-spanning helices and topology were predicted using the algorithm of Persson & Argos (1994) from multiple sequence alignments of closely related proteins, hydropathy analysis using the Goldman-Engelman-Steitz scale with a window of 20 amino acid residues (Engelman et af., 1986), and the positive-inside rule (von Heijne, 1992) . The first and last residues within each of the predicted transmembrane helices are indicated. N-termini are predicted to be in the periplasm (P) or cytosol (C dependent regulator family) are reported to possess cysteine-rich segments which confer oxygen responsiveness, although these segments are located between the C and D domains (Fisher et al., 1988) .
In a previous report, two putative 07'-dependent promoters and potential FNR, CRP and Fur sites were detected upstream of the hyfcoding regions (Andrews et al., 1991) . Further inspection of this region revealed a potential a5*-dependent promoter, ATGGCAT-5-ATGCA (1210-1226 bp, conserved residues in large caps; Thony & Hennecke, 1989) GTCGA ; TTTCGT/,C (underscored residues not conserved in the hyfsequence) ; and TGTC-GACA (the two half-sites are present in the opposite order in the hyf sequence) (Schlensog et al., 1994) .
From the above it would seem likely that HyfR regulates transcription of the hyf operon (and other genes) in response to formate. This would mean that E. coli possesses two formate-responsive dependent transcriptional regulators. If so, it is likely that they would respond to different ranges of formate concentration, have slightly different UAS recognition specificities, or differ in their expression control or interaction with HycA. A lack of functional complementarity between HyfR and FhlA is apparent from the observation that fhlA mutants exhibit no residual formate-dependent regulation of the formate regulon (Schlensog et al., 1989) . Nor would it appear that HyfR mediates the FhlA-independent formate induction of hydrogenase-1 (Brerndsted & Atlung, 1994) , since a5' is not required for hya expression (Birkmann et al., 1987) . However, HyfR may be responsible for the FhlA-independent formate induction of the cyx-appA operon (Brerndsted & Atlung, 1996) .
FocB. FocB closely resembles members of the FocA/ FdhA/NirC family of formate or nitrite (ROO-anion) transport proteins found in bacteria and fungi (Suppmann & Sawers, 1994; Berks et al., 1995b) . FocB is most like the formate transporters and closest to the E. coli formate transporter, FocA (Table 2 ). FocA is encoded by the focA gene located upstream of, and partially coregulated with, the pyruvate-formate lyase gene, pfi7 (Sawers & Bock, 1989; Suppmann & Sawers, 1994) . The sequence similarities suggest that FocB is a second E. coli formate transporter, in which case it could account for the residual formate transport activity observed in focA mutants (Suppmann & Sawers, 1994) . The predicted topology of FocB (Table 3) closely matches the experimentally determined topology of FocA (Suppmann & Sawers, 1994) . The physiological role of FocB is presumably to import exogenous formate to provide substrate for the Hyf complex.
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The unidentified coding region (077) which terminates just 37 bp downstream of the focB stop codon encodes the C-terminal part of a gene product presumed to be initiated in the unsequenced region. The sequence of the corresponding 77 residue polypeptide (P77) contains a high proportion of hydrophobic residues. Database searches showed that it is most similar (75% identical) to a putative permease in Haemophilus influenzae (P43970/U32819) and is a member of a small family of microbial membrane proteins of unknown function.
DISCUSSION
The Hyf complex is structurally related to the complex I enzyme family Hydrogenase-3. The predicted polypeptide composition of Hyf resembles that of the Hyc complex (HycB, C, D, E, F and G ; Bohm et al., 1990) except for the presence of three extra integral membrane subunits (HyfD, E and F). The basic organization of the hyc structural genes is conserved in the hyfoperon apart from the extra hyf genes (hyfDEF) which are inserted as a block immediately after hyfC. Overall, the Hyf proteins are more like the corresponding Hyc proteins than any other polypeptides, and the similarities signify a close functional and evolutionary relationship between the two enzyme complexes. In turn, it is reasonable to suggest that both complexes accept electrons from Fdh-H. The fact that HyfA resembles HycB more closely than any other 16Fe ferredoxin (Berks et al., 1995b; unpublished observations) is significant, because HycB is probably the direct electron acceptor from, and binding site for, Fdh-H in the Hyc complex (Sauter et al., 1992) .
Furthermore, the existence of a second electron acceptor (Hyf) coupled to Fdh-H would explain the otherwise surprising observation that fdhF (92-5 min) is not part of the hyc operon (61.3-61.2 min). The presence of genes encoding homologues of the formate-responsive transcriptional regulator (FhlA) and the formate channel (FocA) in the hyfoperon reinforces the view that Hyf functions in formate metabolism.
Two products of the hyc operon, the putative regulator HycA (Sauter et al., 1992) and the HycI protease required for hydrogenase maturation (Rossmann et al., 1995) , have no Hyf counterparts. The lack of a HycI-like protease is surprising because homologues are encoded by the hya and by6 operons (Menon et al., 1990 (Menon et al., ,1991 and by all of the fully characterized hydrogenase operons of other bacteria (Vignais & Toussaint, 1994) . Since the primary structure indicates that the HyfG subunit (hydrogenase large subunit) is processed, the processing protease must be encoded by a gene outside the hyf operon. The only HycI homologues detectable in the complete E. coli genome (http : //bsw3.aist-nara.ac.jp and http : //www.genetics.wisc.edu) are HyaD and HybD, encoded by the hydrogenase-1 and -2 operons, respectively, even though there is evidence for further homologues from hycl hybridization studies (Rossmann et al., 1995) . In view of the close similarity between HyfG and HycE, it would appear likely that both are processed by HycI.
Complex 1. Proton translocating NADH : quinone oxidoreductases (complex I in mitochondria, Nuo in bacteria) have 14 core subunits (Friedrich et al., 1995) . Seven are highly hydrophobic integral-membrane proteins of which the three largest (ND2, ND4, and ND5) are structurally related to one another (Kikuno & Miyata, 1985) . Collectively, the seven integral membrane proteins provide the quinone reductase site and the machinery for transmembrane proton translocation. The remaining seven subunits are peripheral-membrane proteins containing the site of NADH oxidation, as well as binding sites for FMN and a large number of iron-sulphur clusters.
Five of the six Hyc proteins resemble complex I subunits (Bohm et al., 1990; Walker, 1992;  Table 2 ) and these similarities extend to the corresponding Hyf proteins ( Table 2) . Two of the Hyf proteins (HyfD and HyfF) which have no counterparts in Hyc are also homologous to complex I subunits (NDS and ND4, respectively).
Thus, like complex I, Hyf has three subunits that are members of the ND2IND4IND.S family. The proposed Fdh-H :Hyf complex contains homologues of nine of the core subunits of complex I which in turn represent 78 Yo of the mass of the E. coli Nuo complex. This relationship between the Fdh-H :Hyf complex and complex I suggests that during the evolution of complex I, the NADHoxidizing 53 kDa/24 kDa (NuoF/NuoE) components may have replaced the electron input function provided by the molybdopterin cofactor at the active site of formate dehydrogenase, whilst the quinone reductase activity may have replaced the hydrogen-evolving activity. Loss of the molybdopterin and hydrogenase cofactors during the course of complex I evolution plausibly explains the structural similarities between the following pairs of subunits: 75 kDa/NuoG and Fdh-H; and also 49 kDa/NuoD and HyfG. Table 2 ). Indeed the Orf3 protein of M . tuberculosis is the only known HyfE homologue. However, the M . tuberculosis enzyme is unlikely to be a hydrogenase because the HyfG homologue (Orf5) does not contain ligands for a hydrogenase active-site metallocluster.
Rhodospirillum rubrum CO dehydrogenase complex. R. rubrum possesses a membrane-bound electron transfer system catalysing the transfer of electrons from carbon monoxide to protons. The corresponding gene cluster (cooMKLXUH cooFSCTJ cooA; Fox et al., 1996a, b) contains homologues of all the Hyf structural proteins except HyfE (Table 2 ). The 1264 residue CooM polypeptide contains three regions which have mutual sequence similarity and similarity to the ND2/ND4/ NDS subunits (Fox et al., 1996b;  data not shown). Thus, like Hyf and complex I, the Coo complex contains the equivalent of three ND2/ND4/ND5 components.
A functional model for Hyf
As discussed above, the high sequence and structural similarities between Hyf and Hyc suggest that Hyf associates with Fdh-H to form a second E. coli formate hydrogenlyase complex. However, Hyf differs from Hyc in possessing three additional integral membrane subunits (HyfD, E and F), of which the two largest have counterparts in complex I. It seems likely that the large additional mass of protein (132 kDa) found in Hyf confers one or more of the functions associated with the integral membrane portion of complex I that are not found in Hyc. Therefore, Hyf could interact with the proton electrochemical gradient and/or the membrane quinone pool. Because the electron donor and acceptor of the Hyf complex have already been inferred, it is proposed that Hyf is a proton-translocating formate hydrogenlyase. This view is strengthened by the observation that the Coo complex of R. rubrum contains homologues of all the Hyf proteins (except the small HyfE subunit) and supports growth by coupling the oxidation of carbon monoxide to stoichiometric hydrogen evolution, presumably by generating a proton electrochemical gradient (Kerby et al., 1995) .
The Hyc formate hydrogenlyase system is responsible for the production of hydrogen gas in static culture. Hyc is thus capable of generating hydrogen at atmospheric pressure under physiological conditions. At a PH, of 101 kPa and assuming equal intracellular concentrations of formate and bicarbonate (say 10 mmol 1-'), AG'
at p H 7 and 25 "C (Thauer et al., 1977;  equivalent to AE' = -7 mV), so no free energy is available in the Hyc reaction for energy conservation. For Hyf to translocate protons, the reaction conditions must be adjusted such that additional free energy is available. This could be achieved if hydrogen is removed by respiratory metabolism, either by E. coli itself or by other organisms in the environment. In ecosystems where interspecies hydrogen transfer is occurring, e.g. in the rumen, PH, is in the range 1.01-10.1 Pa (Thauer et al., 1993) . Using such PH, values, AG' for the reaction becomes -21.5 to -27.2 k J (AE' = + 111 to + 141 mV). The phosphorylation potential in respiring bacterial cells is approximately -50 kJ mol-' and the coupling stoichiometry of bacterial FoFl ATP synthase is generally accepted to be 43':ATP (Harold & Maloney, 1996) . Thus, for the proposed Hyf pathway, it is feasible that the formate hydrogenlyase reaction could be linked to energyconserving proton translocation. The Hyf reaction is, however, unlikely to support a coupling stoichiometry of greater than 2H+ : 2e-. In contrast, electron transfer from NADH to ubiquinone in complex I has a coupling stoichiometry of f 4H+ : 2e-(reviewed by Weiss et al., 1991) . Note that the free energy available in the Coo reaction (AGO' = -20.1 kJ reaction-'; AE" = + 104 mV), like that of the proposed Hyf reaction, is too low to support a coupling stoichiometry as high as that exhibited by complex I. A Desulfovibrio species that grows by the stoichiometric transfer of electrons from formate to protons has recently been isolated (Sandford et al., 1996) . This demonstrates, and provides a precedent for, an energyconserving pathway based on the formate hydrogenlyase reaction.
It is proposed that the hydrogen evolved by Hyf is oxidized in E. coli by an electron transport chain involving the menaquinone-reducing uptake hydrogenase-1 and a terminal reductase for any one of the anaerobic electron acceptors nitrate, nitrite, fumarate, DMSO or trimethylamine N-oxide. This is consistent with the proposed hydrogen-cycling role of hydrogenase-1 and it would provide a physiological rationale for the induction of Hya activity during growth on fermentable carbon sources and by formate (Sawers et al., 1985; Br~ndsted & Atlung, 1994 (Ensign & Ludden, 1991) . This observation supports the idea that HyfA and HycB are the site of electron input from Fdh-H in the Hyf and Hyc complexes.
sulphur compounds, Fe3+ and carbon dioxide) that it could not otherwise utilize.
genases, including E. coli hydrogenases-1, -2 and -3 (Sawers & Boxer, 1986; Ballantine & Boxer, 1986;  Three experimental observations have been reported that support an electron transfer pathway from Fdh-H to the menaquinone pool, as required by the proposed Hyf model. Firstly, work with formate dehydrogenase mutants indicates that at least half of the electron flux from formate to the menaquinol-nitrite oxidoreductase (Nrf) system is via Fdh-H (Darwin et al., 1993) . Secondly, the nirF mutation in or near the hyfregion is associated with a two-thirds decrease in the rate of respiratory formate-nitrite oxidoreductase activity (MacDonald et al., 1985) . Thirdly, formate-dependent respiratory nitrite and nitrate reduction in bacteria grown with nitrite as electron acceptor are 50 and 30% inhibited, respectively, by carbon monoxide acting at a site on the dehydrogenase side of the quinone pool (Abou-Jaoude et al., 1979) . Because [Ni-Fe] hydro- Stephenson & Stickland, 1932 ; B. C. Berks, unpub: lished) are inhibited by carbon monoxide, a possible explanation for these observations is that carbon monoxide is blocking hydrogen transfer from Hyf to the uptake hydrogenases.
Any model endowing Hyf with a hydrogenase function has to explain why no benzylviologen-dependent hydrogenase activity was detected by Sauter et al. (1992) in a Ahya Ahyb AhycB-H hydrogenase triple mutant. These measurements were made with bacteria that had been grown fermentatively in the absence of electron acceptors, i.e. conditions in which the Hyf system, presumed to be associated with anaerobic formate respiration, may not be expressed. Furthermore, because the AhycB-H mutation of the hydrogenase triple mutant contains a camR cassette which could exert a polar effect on hycl expression, the failure to detect hydrogenase-4 activity might be due to the lack of HycI possibly required for HyfG processing. It should also be noted that the proposed hydrogen evolving activity of Hyf might not be detected by measuring hydrogen production because any substantive hydrogen build up would inhibit Hyf activity.
A structural model for Hyf and comparison with complex I
A schematic structural model for the Hyf complex I derived from the considerations discussed above, together with known structural features of Hyc and complex I, is presented in Fig. 5 . The reduction potentials of the donor and acceptor couples for the Coo and Hyf reactions, together with the observed stoichiometric transfer of electrons from carbon monoxide to protons by the Coo complex (Kerby et al., 1995) , suggest that the reactions catalysed by the Coo and Hyf complexes do not involve bulk quinone. Thus if, as inferred above, these complexes are proton-translocating, it is unlikely that transmembrane proton movement involves quinone-dependent reactions. Instead, protons are likely to be translocated by a conformational pump mechanism. The mechanism of proton translocation by complex I is currently unclear but the structural similarity to Hyf and Coo suggests that at least a portion of the protons translocated by complex I should follow a similar pathway to that found in the hydrogen-evolving enzymes and thus may be pumped. Support for the idea that complex I and related enzymes translocate protons by means of a conformational pump comes from the redox-and inhibitorlinked conformational changes observed both in complex I (Gondal & Anderson, 1985 ; Patel & Ragan, 1988 ; Belogrudov & Hatefi, 1994) and CO dehydrogenase (Ensign & Ludden, 1992) . The observation that several apparently redox-independent cation transporters contain ND2/4/5 family homologues (Hamamoto et al., 1994; MJ1309 in Bult et al., 1996 Putnoky et al., 1996, accession no. X93358) is also consistent with a conformational pump, but not a redox loop, model for proton translocation by complex I-like proteins. An experimental programme has been initiated to test the proposals for Hyf function, structure and regulation presented here.
